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Abstract
Import of nuclear-encoded mitochondrial proteins requires the action of at least two different import machines, called translocons, in the
mitochondrial inner membrane (IM). The TIM23 complex mediates the translocation of proteins into the mitochondria matrix, whereas the
TIM22 complex is required for the insertion of polytopic proteins into the IM. While the two translocons are distinct and composed of
separate subunits, the essential reactions in each complex are carried out by homologous proteins. In addition, the core components of both
the TIM23 and TIM22 translocons have been shown to form aqueous pores in the mitochondrial IM. In this review, we summarize what is
known about import of proteins across the mitochondrial IM.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
While some organelles, such as mitochondria and chlor-
oplasts, contain their own DNA and make a few of their
own proteins, the overwhelming majority of cellular pro-
teins are encoded by nuclear genes and synthesized in the
cytosol. Following their synthesis, these proteins are tar-
geted to specific destinations, including the mitochondria,
the nucleus, the peroxisome, and the endoplasmic reticulum
(ER). The amount of proteins eukaryotic cells have to target
is enormous, with about half of total proteins in a cell going
to a specific organelle. Complicating matters, all organelles
are surrounded by at least one membrane that functions as a
barrier to the random movement of molecules. Conse-
quently, targeted proteins must not only find the correct
organelle but also cross one or more membranes. It has been
demonstrated that in most cases, protein import occurs via
aqueous pores or channels embedded in the organellar
membrane called ‘translocons’. Many questions remain
about these multisubunit machines and their role in protein
import. For example, what is the precise composition of the
translocons found in different organelles? How are proteins
targeted to a specific translocon within a given organelle?
For proteins that are transported completely across a mem-
brane, how does the translocon open in response to sub-
strate, pass the substrate through its pore, all the while
excluding small molecules and other nonimported proteins?
During the import of proteins destined to reside within a
membrane, how do hydrophobic TM segments become
integrated into the lipid bilayer, and how is the ultimate
topology of membrane proteins determined? What contri-
bution does the translocon make to protein topology? These
and other questions are being addressed by the study of
protein import into peroxisomes, chloroplasts, the ER, the
nucleus, and mitochondria.
The mitochondrial inner membrane (IM) contains at least
two translocons used to import different types of cargo
molecules (Fig. 1). The TIM23 complex is required for the
import of most of the proteins destined for the mitochondrial
matrix, whereas the TIM22 translocon is specialized for the
insertion of polytopic proteins into the IM. In this review,
we will focus on what is known about the composition and
functions of the two translocons located in the mitochon-
drial IM.
2. Targeting of preproteins to the mitochondrial matrix
Most proteins imported into mitochondria are sorted to
one of four destinations: the outer membrane (OM), the
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intermembrane space (IMS), the IM, and the matrix
(reviewed in Refs. [1,2]). Most imported proteins carry
amino-terminal extensions, called presequences, which carry
the information to target the protein to the mitochondria and
for their import into the organelle. Presequences vary in
length and primary amino acid sequence, but all carry a net
positive charge and are proposed to fold into a common
amphipathic helix [3–5]. Presequence-containing proteins
are recognized by one or more receptors on the mitochondrial
surface (see review in this series by Endo and Kohda).
Productive import of a protein often requires the action of
several different cytosolic chaperones (see review in this
series by Lithgow). Subsequent to their binding to receptors,
the protein is translocated across the OM via a translocon
called the TOM complex (see review in this series by Pfanner
and Chacinska).
3. The TIM23 translocon
Presequence-containing proteins destined for the mito-
chondrial matrix use the TIM23 channel to pass through the
IM. Since the components that make up the TIM23 complex
were initially identified and are best characterized in the
yeast Saccharomyces cerevisae, this review will focus on
the yeast proteins. The TIM23 complex is composed of
several essential components, including Tim23p1, Tim17p,
Tim44p, and mtHsp70p. Tim17p and Tim23p were identi-
fied in yeast genetic screens and were shown to be homol-
ogous proteins [6–9]. Tim23p and Tim17p each contain
four transmembrane (TM) segments with their amino and
carboxyl ends facing the IMS. Like many components of the
mitochondrial protein import machinery, Tim17p and
Tim23p are conserved from yeast to humans (see review
in this series by Hoogenraad et al.). Both proteins interact
[10,11] forming a core complex estimated to be 90 kDa in
size [12]. The core TIM23 complex thus appears to contain
two Tim17p and two Tim23p molecules [13]. Supporting a
role for TIM23 in translocation, both Tim17p and Tim23p
can be cross-linked to an imported protein arrested in transit
across the IM [14,15]. In yeast, both Tim17p and Tim23p
are essential for cell viability, and the analysis of their
function has required the study of temperature-sensitive
Fig. 1. Two translocons in the IM mediate protein import into mitochondria. Mitochondrial precursor proteins interact with the TOM (translocase of the outer
membrane) machinery. The import signal is recognized by one of several receptors (numbers indicate the molecular masses of each protein in kDa) and then
translocated through a TOM pore consisting mainly of Tom40p, which forms the channel, but also including Tom5p, Tom6p, and Tom7p. Once through the
TOM complex, the pathway diverges. On the right is the pathway for preproteins destined for the matrix. The precursor protein is inserted into a TIM
(translocase of the inner membrane) complex, called TIM23, formed by Tim23p and Tim17p. mtHsp70 interacts with Tim44p and drives the translocation of
the precursor through the TIM23 pore into the matrix where the amino-terminal import signal is removed by the processing protease, MPP. On the left is the
pathway for import of polytopic inner membrane proteins. These proteins, which carry internal import signals, are assisted in their import across the outer
membrane by Tim9p and Tim10p. Insertion into the inner membrane requires the TIM22 complex, consisting of the integral proteins, Tim22p, Tim54p, and
Tim18p, as well as the associated Tim12, Tim10, and Tim9 proteins.
1 The components of the protein translocase of the outer membrane are
designated Tom proteins, while the components of the translocase of the
inner membrane are called Tim proteins [20]. The number following Tom or
Tim indicates the molecular mass of the protein.
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mutants or the use of galactose-inducible constructs. It is not
clear whether there are additional subunits of TIM23 com-
plex. Several studies suggest new import components
[11,15–19], but to date none have been conclusively shown
to be integral parts of the TIM23 machinery.
Tim23 and Tim17 are thought to form a pore in the IM
through which proteins are translocated into the matrix.
Support for this possibility initially came from electrophy-
siological studies using mitochondrial IM fractions [21]. In
particular, the IM was shown to contain a large channel,
whose activity was transiently blocked by binding to pep-
tides based on mitochondrial presequences. The channel
activity was completely inhibited when mitochondrial frac-
tions were preincubated with antiserum to Tim23p, and the
activity was significantly altered when the mitochondrial
preparations came from a tim23 mutant. Recently, direct
evidence that Tim23p forms an aqueous pore has come from
studies using proteoliposomes containing bacterially synthe-
sized and reconstituted Tim23 protein [22]. Conductivity
measurements show that Tim23p forms a voltage-activated,
cation-selective pore approximately 20 A˚wide, large enough
to encompass one or two polypeptide chains (see review in
this series by Pfanner and Chacinska). The activity of
Tim23p is inhibited by mitochondrial presequence peptides,
suggesting that the channel is not simply a passive pore, but
recognizes and binds the presequence. The role of Tim17p is
not clear since its expression in bacteria remains problem-
atic. Nonetheless, based on its homology to Tim23p, it is
likely that Tim17p also functions in channel formation.
If the mitochondrial IM truly contains a large pore
through which proteins are translocated, then how is the
proton gradient maintained across the IM during import?
Although the answer is not known, several studies suggest
that Tim23p itself may play a key role in sealing the TIM23
channel in the absence of import. Tim23p contains an f 10
kDa hydrophilic amino-terminal region that faces the IMS,
with its four carboxyl-terminal TM segments inserted in the
IM (Fig. 3). The homologous Tim17 protein has a similar
membrane topology, but lacks an appreciable IMS domain.
While full-length Tim23p forms an aqueous channel that
opens in the presence of voltage and presequence peptides,
Truscott et al. [22] found that the C-terminal half of Tim23p
forms a channel that no longer responds to peptides. In other
words, the C-terminal half of Tim23p forms a channel,
which is apparently regulated by the N-terminal half of the
protein. Other studies have shown that the Tim23p N-
terminus binds mitochondrial presequences [23], raising
the possibility that the N-terminal region of Tim23p nor-
mally occludes the TIM23 channel and binding of the
presequence to Tim23p opens the channel, allowing entry
of the imported protein. Nonetheless, additional experiments
are clearly needed to determine how the permeability seal is
maintained before, during and after translocation of sub-
strates through the TIM23 channel.
Import of proteins via the TIM23 complex is a multistep
pathway (Fig. 2). After binding to surface receptors and
transport across the OM, the preprotein engages the TIM23
translocon. Translocation across the IM is dependent upon
both a potential across the IM and ATP within the matrix
[24–29], and is driven by the combined action of Tim44p
and mtHsp70p. Tim44p, a DnaJ domain-containing protein,
is thought to recruit mtHsp70p, a matrix-localized member of
the HSP70 ATPase chaperone family, to the TIM23 complex
[30–32]. By either a pulling or a trapping mechanism, the
Fig. 2. Import of preproteins by the TIM23 pathway. Mitochondrial precursor proteins are kept in a loosely folded, import-competent conformation by their
interaction with cytosolic chaperones (Chap.) prior to their interaction with the TOM machinery. Step 1: The presequence is recognized by an outer membrane
receptor, such as Tom20p. Step 2: The presequence-containing part of the preprotein is translocated from the cis to the trans face of the TOM channel. Step 3:
Utilizing the electrochemical potential across the inner membrane, the presequence is translocated through the TIM23 complex. Step 4: mtHsp70 and Tim44p
facilitate the movement of the preprotein into the matrix in a process that requires ATP. Afterwards, the presequence is removed by theMPP protease (not shown).
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tethered mtHsp70p facilitates the movement of the precursor
through the TIM23 translocon in an ATP-dependent manner
([33]; see review in this issue by Voos and Ro¨ttgers). How the
potential drives import is less clear. However, since the
mitochondrial matrix is negatively charged, the potential
may facilitate import through the TIM23 translocon by
attracting and ‘electrophoresing’ the positively charged pre-
sequence. During or after import, the presequence is cleaved
off by a matrix-localized processing peptidase called MPP
(see review in this series by Gakh et al.).
Although the TOM and TIM23 machinery can act
independently [34,35], it is likely that both complexes
cooperate during the import of precursor proteins. Support-
ing this idea, the N-terminus of Tim23p has been shown to
protrude through the OM into the cytosol [36]. This con-
figuration links the mitochondrial OM and IM and has been
proposed to increase the efficiency of import, facilitating the
transfer of preproteins from the TOM complex to the TIM23
complex. This connection of OM and IM by Tim23p would
potentially form a type of contact site between the mito-
chondrial membranes (see review in this issue by Reichert
and Neupert).
4. Membrane protein insertion by the TIM23 complex
While most presequence-containing proteins are trans-
ported completely across the IM into the matrix by the
TIM23 complex, some imported proteins are instead
inserted into the mitochondrial IM. There appear to be two
routes that these presequence-containing membrane proteins
follow: the conservative-sorting pathway and the stop-trans-
fer pathway. In the conservative-sorting pathway, proteins
are first imported into the matrix and then inserted into the
IM from the matrix side. This pathway utilizes additional
import machinery, such as the Oxa1 protein, and is consid-
ered in another review (see review by Stuart, this issue).
An alternative method of sorting proteins into the IM is
the stop-transfer pathway. In this scenario, a hydrophobic
TM segment arrests the polypeptide in the TIM23 trans-
locon and prevents further translocation to the matrix. In
some manner, the TM region directs the protein laterally
into the IM. Imported proteins that follow this route are
usually membrane proteins with a single TM segment. For
example, lactate dehydrogenase (LDH; [37]) and subunit Va
of cytochrome oxidase (Cox5a; [38]) reside in the IM with
their N-termini in the matrix and their C-termini in the IMS.
Both proteins carry an N-terminal, cleavable presequence
followed by a hydrophobic TM segment that serves to
anchor the proteins in the IM. Deletion of the TM region
results in the mislocalization of LDH or Cox5a to the
matrix, suggesting that a stop-transfer signal is sufficient
for sorting to the IM. It is clear, however, that hydro-
phobicity alone is not the sole determinant of IM sorting.
Many proteins with one or more nonpolar TM segments are
normally transported across the IM and into the matrix prior
to their insertion into the IM (see review by Stuart, this
issue). What dictates whether a TM segment stops in the
TIM23 translocon or is transported completely across the
IM to the matrix is not clear, but the distribution of charges
surrounding the TM domain has been shown to be important
for correct sorting to the IM and for specific orientation of
the TM domain in the membrane [39,40].
A modified version of the stop-transfer pathway is
thought to play a role in the sorting of IMS proteins, such
as cytochrome b2 and cytochrome c1 [41–43]. Cytochrome
b2 and cytochrome c1 contain multipart import signals: the
first part of the presequence targets the protein to the
mitochondrial matrix and the second part contains a hydro-
phobic sorting signal that causes a pausing of the preprotein
in the TIM23 complex. Processing of the presequence by
the Imp1/Imp2 [44–46] protease then releases the protein
into the IMS.
Insertion of proteins into the IM requires a membrane
potential [47], which appears to play several roles in the
import process. First, conductivity measurements suggest
that the potential may activate or open the Tim23p channel
[22]. Second, the negatively charged matrix seems to have
an electrophoretic effect on the positively charged prese-
quence, initiating the translocation of the preprotein through
the TIM23 translocon. Finally, the recognition and insertion
of the sorting signal requires the potential in a manner
independent of charged amino acids in the preprotein [48],
but this process remains poorly understood.
IM proteins differ in their requirement for matrix-local-
ized mHsp70p. For preproteins whose TM domain is
immediately adjacent to the presequence, mtHsp70p is not
required and the potential is sufficient for import and
insertion [49]. For proteins with longer distances between
the TM region and the presequence, mtHsp70p is required
to translocate the amino-terminal region of the preprotein
into the matrix, thus bringing the TM domain into contact
with the TIM23 complex. However, the actual insertion of
the TM into the IM does not appear to require mHsp70p. In
fact, there appears to be antagonism between mtHsp70p and
IM sorting. A preprotein with a defective IM sorting signal
is translocated into the matrix, but decreasing the activity of
mtHsp70p can correct the sorting defect [50,51].
How does the TIM23 complex recognize TM segments
and then insert them into the IM? The observation that a
tim23 mutant suppresses a defect in the stop-transfer
sequence of cyt. b2 suggests that the translocon itself may
directly recognize the sorting signal. It is also possible that
additional proteins assist in stop-transfer and IM insertion of
proteins. For example, crosslinking studies have shown that
Tim11p is in close proximity to the sorting sequence of cyt.
b2 [17]. However, since Tim11p has been shown to be
required for the higher order structure of the F1/Fo ATPase
[52], its role in import is not apparent. Additional studies are
also needed to determine how the TM segment of a trans-
locating polypeptide leaves the aqueous interior of the
TIM23 channel and enters the lipid bilayer. Similar to the
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dilemma facing membrane insertion by the ER translocon, it
is not known if TM segments move laterally through
adjacent translocon subunits into the membrane [53]. Alter-
natively, it is possible that a section of the translocon is
directly exposed to the lipid bilayer, allowing the diffusion of
TM segments out of the channel and into the membrane [54].
5. Insertion of polytopic proteins into the IM by the
TIM22 translocon
Several years ago, a second translocon in the mitochon-
drial IM, called the TIM22 complex, was discovered. The
TIM22 translocon appears to be specialized for the import
of polytopic IM proteins, such as the carrier proteins and
some of the membrane-embedded members of the TIM
translocons. Although a second import complex in the IM
came as a surprise to most investigators, in retrospect,
several observations at the time suggested that a pathway
in addition to the TIM23 translocon might exist. For
example, Pfanner and Neupert [55] were examining the
import of Aac2p into isolated mitochondria. Aac2p, like
other MCF members, is imported into mitochondria without
an N-terminal presequence. It was found that mitochondria
lacking an IM potential could import Aac2p partway: Aac2p
was imported across the OM, but not inserted into the IM
(Fig. 4). In contrast, presequence-containing proteins were
completely defective in import in the absence of an IM
potential and did not completely cross the OM (Fig. 2).
Thus, Aac2p appeared to follow a distinct route during its
import into mitochondria. Further suggesting an additional
import pathway, Emtage [56], as part of her thesis work,
found that the IM protein Tim23p could be completely
imported into the IM in the absence of Tim23p function.
In other words, Tim23p’s import did not require the TIM23
complex, suggesting that other IM machinery was used.
The first member of this additional import pathway,
Tim22p, was found as a protein homologous to Tim23p
and Tim17p in the yeast genomic DNA sequence [57]. Like
Tim23p and Tim17p, Tim22p contains four TM domains
and is thought to be positioned in the IM with its N- and C-
termini facing the IMS. Similar to earlier work with
Tim23p, Tim22p has been shown to form a large, aqueous
channel [58]. Reconstituted, bacterially-expressed Tim22p
forms a pore that is voltage-activated and that responds to a
peptide based on the internal targeting signal of the phos-
phate carrier protein. Conductivity measurements show the
pore size of the Tim22p channel to be variable, from 11 to
18 A˚. In the fully open state, Tim22p is wide enough to
accommodate a pair of tightly folded alpha-helices. Protein
insertion by the TIM22 complex does not appear to use ATP
or matrix chaperones and is driven solely by the IM poten-
tial. Thus, it will interesting to determine how the Tim22p
channel converts the energy of the membrane potential to the
insertion of polypeptides, all the while maintaining a perme-
ability seal across the IM.
Additional members of the TIM22 complex have been
identified using both genetic and biochemical techniques.
Two of these proteins, Tim54p [59] and Tim18p [60,61], are
both integral membrane proteins. Tim54p has a single TM
domain near its N-terminus, with a large carboxyl-terminal
domain facing the IMS. Tim54p was first identified in a
two-hybrid screen for proteins that bind to Mmm1p, an OM
protein required to maintain mitochondrial morphology [62].
Mmm1p appears to be located in mitochondrial contact sites
[63], regions where the OM and IM are connected, raising
the possibility that an association between the OM and the
TIM22 machinery facilitates the import of polytopic IM
proteins. Sporulation of diploid cells that carry a disruption
in one of two copies of TIM54 show that Tim54p, like
Tim22p, is an essential protein [59]. Strikingly, it has been
found that vegetatively growing strains carrying a disruption
in TIM54 can be coaxed into losing their TIM54-containing
plasmid [58]. The growth of these tim54? cells is not due to a
second-site mutation and mitochondria isolated from tim54
disruption strains show only a modest defect in import.
Since tim22? cells cannot be generated using similar meth-
odology, Tim22p clearly plays a more critical role in import
than Tim54p. Supporting this idea, the modest growth defect
of tim54? mutants can be completely suppressed by in-
creased expression of TIM22 [58].
Tim18p was identified as a high-copy suppressor of the
tim54-1 mutant [60] and by microsequence analysis of the
purified TIM22 complex [61]. Tim18p is inserted in the IM
via an N-terminal presequence and is thought to contain three
TM domains. The Tim18 protein is homologous to two other
yeast proteins, one of which, Sdh4p, is the membrane anchor
for the succinate dehydrogenase complex [64]. Whether
Tim18p tethers import components to the IM is unclear.
Like Tim54p, Tim18p does not appear to play an essential
role in import. Gene disruptions of TIM18 are not lethal and
are easily isolated using standard techniques [60,61]. How-
ever, tim18? mutants are cold sensitive on glucose-contain-
ing medium and are unable to grow without mitochondrial
DNA. Since both conditions lead to a lowered potential
across the mitochondrial IM, it is possible that Tim18p acts
at a potential-dependent step in the TIM22 pathway.
Although the precise role of Tim54p and Tim18p in
import is not known, both proteins are needed for formation
or stability of the TIM22 complex. Tim54p, Tim18p, and
Tim22p have been shown to associate and migrate in a
structure of f 300 kDa during blue native electrophoresis
[60,61]. In tim18? mitochondria, Tim22p migrates at f 250
kDa [60,61], and in tim54? strains, the TIM22 complex is
drastically destabilized and Tim22p migrates at f 60 kDa
[58]. Interestingly, while all of the Tim22p and Tim18p are
present in the 300 kDa complex, only about half of the Tim54
protein associates with the TIM22 complex [59]. Immuno-
precipiation of Tim22p or Tim18p from detergent-solubi-
lized mitochondria will bring down f 50% of Tim54p,
whereas antiserum to Tim54p pellets all of Tim18p and
Tim22p. The role of the two pools of Tim54p is not known.
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TIM22 complex function also requires the action of a
family of small, homologous proteins located in the IMS,
called Tim8p, Tim9p, Tim10p, Tim12p, and Tim13p (65-
68). Tim9p and Tim10p are found in two locations in
mitochondria: as a soluble f 70 kDa complex in the IMS
and as part of the f 300 kDa TIM22 complex. Tim12p, on
the other hand, is always associated with the TIM22 com-
plex. The small Tim proteins are proposed to help shuttle
imported proteins from the TOM complex in the OM to the
TIM22 complex in the IM. Tim8p and Tim13p form a f 70
kDa complex in the IMS similar in size, but distinct from
the Tim9p–Tim10p complex [69]. Unlike Tim9p and
Tim10p, there is no evidence that Tim8p and Tim13p stably
associate with the TIM22 complex. Also, in contrast to
Tim9p and Tim10p, Tim8p and Tim13p are not essential
proteins [69], raising the possibility that they may play an
accessory role in import. Interestingly, defects in the human
version of Tim8p, called DPP1, cause a type of deafness and
dystonia seen in Mohr–Tranebjaerg patients [69].
Tim8p, Tim9p, Tim10p, Tim12p, and Tim13 all contain a
zinc-finger motif with four cysteine residues, suggesting that
each of the small Tim proteins binds zinc ions. Tim10p- and
Tim12p-containing fusion proteins have been shown by
atomic mass spectroscopy to bind one Zn + per molecule
[65]. Supporting a role for divalent cations, import of Aac2p
into mitochondria was blocked by chelators and rescued by
adding back zinc [65]. A recent study examining the Tim9–
10 complex purified from mitochondria or produced in
bacteria questions whether zinc binding is crucial for the
function of the small Tim proteins [70]. No evidence for
zinc binding was found, and the authors instead argue that
the cysteine residues are involved in intramolecular disul-
fide bond formation. Additional analyses are clearly needed
to resolve this discrepancy.
6. Targeting signals for the TIM22 complex
Since TIM23 and TIM22 are separate import complexes
in the IM, there must be different signals that target proteins
to one or the other complex. The targeting signal for the
TIM23 complex is the positively charged presequence. With
only a few exceptions [71–73], the presequence is carried at
the amino terminus of the protein and is cleaved off after
import into mitochondria. Identification of the targeting in-
formation for the TIM22 complex has proved more elusive.
The known substrates for the TIM22 complex are multitopic
IM proteins, including the members of the mitochondrial
carrier family (MCF) and the Tim23, Tim22, and Tim17
proteins. Yeast cells contain 35 MCF proteins that are used
to transport small molecules across the IM, including ATP/
ADP transport (Aac2p) and phosphate transport (PiC; for
review see Refs. [74,75]). MCF proteins reside in the
membrane via six TM segments and are thought to contain
three sequence-related modules consisting of two hydro-
phobic TM domains connected by a hydrophilic, matrix-
facing loop (Fig. 3). Tim23p, Tim22p, and Tim17p may
have a similar modular structure to MCF proteins, although
they contain only two modules (Fig. 3). None of these
proteins carries an amino-terminal, cleavable presequence,
so the targeting information is carried within the mature
protein. The TIM22 targeting information is best under-
stood for two of its substrates, the yeast Tim23 and Aac2
proteins.
Tim23p is anchored in the IM via four TM segments and
has two positively charged loops facing the matrix. Tim23p
also has a large, hydrophilic domain that faces the IMS. The
N-terminal half of Tim23p is not required for its import into
mitochondria [76]. Instead, the targeting information resides
in the C-terminal region that carries the TM domains.
Import of IM proteins via the TIM22 pathway occurs in a
number of distinct steps that can be seen during import of
proteins into isolated mitochondria. For example, in the
absence of potential across the IM, Tim23p is imported
across the OM but not inserted into the IM [76]. The import
signal required for import across the OM appears to consist
of a pair of hydrophobic TM segments and an intervening
loop (Fig. 3). Constructs containing a single TM often bind
to the mitochondria, but are never imported. Since Tim23p
consists of four TM domains and two loops, the targeting
information in Tim23p is thereby duplicated (Fig. 3, module
1 and module 2). However, truncated versions of Tim23p
containing only a single module are not imported as
efficiently as the full-length protein, suggesting that the
modules cooperate in the import of Tim23p.
7. The tiny Tim proteins mediate the import of Aac2p
and Tim23p across the OM
Like Tim23p, Aac2p appears to require a pair of TM
segments for its import into mitochondria. Aac2p has three
modules that consist of two TM segments and a matrix loop,
and all three modules have at least some ability to direct the
Fig. 3. Modular structures of the Aac2 and Tim23 proteins. Aac2p reside in
the inner membrane via six transmembrane segments (labeled 1 through 6),
with its N- and C-termini facing the matrix. Three matrix-facing loops
between the transmembrane segments carry a net positive charge. The three
modules of Aac2p each contain a pair of hydrophobic, transmembrane
segments and a matrix loop. Tim23p shows a similar modular structure, but
contains only two pairs of transmembrane segment– loop– transmembrane
segment structures.
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translocation of Aac2p across the OM ([77]; Fig. 3). Two
lines of evidence suggest that the IMS-localized Tim9 and
Tim10 proteins play a key role at this step. First, studies
using mitochondria defective or deficient in Tim9p or
Tim10p activity suggest that both proteins are required to
complete the translocation of Aac2p through the TOM
complex [65,68,78]. Second, Aac2p arrested prior to its
insertion into the IM can be efficiently crosslinked to
Tim10p [66,67]. Supporting a direct role in import, the
purified Tim9p–Tim10p complex binds to peptides based
on regions within Aac2p that carry targeting information
[70].
Targeting studies suggest that secondary structure is
important for the import of both Aac2p and Tim23p. The
two TM segments required for translocation are thought to
form a loop or hairpin conformation prior to or during
translocation through the TOM complex, and it is believed
that this structure is recognized by the Tim9p–Tim10p
complex. Consistent with this idea, Aac2p with tightly
folded domains at both its N- and C-termini still crosses
the OM [79]. In this study, DHFR was spliced onto both
ends of Aac2 and incubated with methotrexate to lock
DHFR into a tight, folded structure. Upon addition to
mitochondria, DHFR–Aac2–DHFR could be crosslinked
to IMS-localized Tim10p. The import of partially folded
proteins is in marked contrast to the TIM23 pathway, where
polypeptides are assumed to be targeted and translocated as
linear molecules.
Although the precise role of the Tim9p–Tim10p com-
plex in import is not known, possible functions include (a)
trapping of precursors in the IMS to prevent their retrograde
movement through the TOM complex, (b) chaperoning the
hydrophobic stretches of polytopic IM proteins to the
TIM22 complex, or (c) helping to maintain the secondary
structure of the precursor after passage through the TOM
translocon, perhaps by forming collars around either single
or paired TM domains. Tim9 and Tim10p are found both in
a soluble complex in the IMS and bound to the TIM22
complex. Soluble Tim9p–Tim10p is in a hexameric com-
plex with three subunits of Tim9p and three subunits of
Tim10p [77]. The portion of Tim9p and Tim10p associated
with the TIM22 complex contains three Tim9p, two
Tim10p, and one Tim12p. Although it has been proposed
that the Tim9p–Tim10p complex shuttles cargo from the
TOM complex to the TIM22 complex, no soluble, IMS-
localized import intermediates have yet been detected.
Furthermore, an Aac2p–DHFR fusion protein, trapped in
transit across the OM, can be crosslinked to Tim12p [77].
These results raise the possibility that substrates are passed
directly from the TOM channel to the TIM22 translocon at
contact sites between the OM and IM, in a process facili-
tated by the tiny Tim proteins.
The interaction between Tim23p and the tiny Tim pro-
teins is more complicated than that of Aac2p and the
Tim9p–Tim10p complex. When the import of Tim23p is
arrested after its translocation across the mitochondrial OM,
abundant crosslinks are formed between Tim23p and the
Tim8p–Tim13p complex, and only faint crosslinks to the
Tim9 and Tim10 proteins are detected [80]. However, two
observations suggest that Tim8p–Tim13p does not play a
critical role in the import of Tim23p, like Tim9–Tim10p
does for Aac2p. First, whereas Tim23p is an essential
protein [8], neither Tim8p nor Tim13p are required for yeast
cell viability [69]. Second, Tim8p–Tim13p interacts with
the amino terminus of Tim23p, which is not required for
import of Tim23p into fully energized mitochondria [76,80].
More likely, Tim8p–Tim13p plays an accessory role in
import and facilitates the import of Tim23p and other
proteins under nonideal conditions, such as when mitochon-
drial potential is low [81]. The crosslinks between Tim9p
and Tim10p and the C-terminal region of Tim23p raise the
possibility that Tim9p–Tim10p may play a similar role in
the import of Tim23p as it does for Aac2p. However, further
studies are needed to determine whether Tim23p engages
the soluble Tim9p–Tim10p complex in the same manner as
Aac2p.
8. Membrane protein integration by the TIM22 complex
Like import across the OM, a pair of TM segments is
also required for insertion into the IM. However, insertion
into the IM has additional requirements to those required for
transit across the OM. For example, not all hydrophobic
segments function equally. Tim23p constructs containing
only the first and second, or only the third and fourth TM
segments are sufficient for the transport of Tim23p across
the OM, but neither pair can mediate insertion into the IM
[76]. Only molecules carrying both TM1 and TM4 are
capable of complete import into the IM. Of the three pairs
of TM segments within Aac2p, the first and second modules
are competent for translocation across the OM, but only the
third module mediates IM integration [77]. It is therefore
likely that a specific pair of TM segments initiates the
insertion of a polytopic protein, followed by the integration
of subsequent modules. However, current data cannot rule
out that all modules are assembled by the TIM22 complex
and then are inserted simultaneously into the IM. Tim12p
and Tim22p clearly play key roles in insertion, since
mitochondria lacking the activity of either protein fail to
integrate substrate proteins [57,65,67], but the precise roles
of Tim12p and Tim22p, as well as Tim54p and Tim18p,
await further analyses.
Insertion into the IM is also dependent upon the positive
charges carried in the matrix-facing loops of the imported
proteins. Tim23p has two loops with three lysine or arginine
residues in each loop. Constructs in which all six positively
charged residues were replaced by alanines are imported
across the OM of mitochondria, but not integrated into the
IM [76]. Interestingly, the positive charges on only one loop
are sufficient for complete import of Tim23p and a fully
functional protein in yeast cells. Crosslinking studies suggest
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that the basic residues in the loops of polytopic proteins are
required to interact with components of the membrane-
associated TIM22 complex [80]. However, this interaction
may be indirect, and the positive charges may instead
function to initiate integration by attracting the loops of the
imported protein towards the electronegative environment of
the matrix. In this way, the basic regions of polytopic
proteins would function in a similar way to the N-terminal
presequences carried on proteins imported via TIM23.
Although this review has focused on the function of the
IM import machinery, it is possible that critical decisions in
the import of polytopic proteins are made early in the import
pathway. As diagrammed in Fig. 4, one Aac2 protein has
been shown to interact with six Tom70p receptor molecules
on the mitochondrial surface [79]. It has been proposed that
each of the three modules within Aac2p interacts with a
homodimer of Tom70p, raising the possibility that the basic
topology that Aac2p will assume in the IM is established
initially outside the mitochondria! Each module could then
be transported sequentially across the OM by the TOM
complex. The role of the Tim9p–Tim10p complex could be
to stabilize the three pairs of TM domains within Aac2p
prior to insertion into the IM by the TIM22 machinery. For
example, the hexameric Tim9p–Tim10p complex could
have a Tim9p and Tim10p pair binding to each of the three
Aac2p modules. This binding would not only prevent
aggregation of Aac2 proteins in the IMS, but would also
allow the TIM22 complex to generate the correct topology
of Aac2p by simply inserting the three loop structures into
the IM.
9. Conclusions
Although most of the machinery for the import for
proteins into mitochondria has been identified, our under-
Fig. 4. Insertion of polytopic proteins into the IM by the TIM22 complex. Mitochondrial proteins are kept in a loosely folded, import-competent conformation
by their interaction with cytosolic chaperones (Chap.) prior to their interaction with the TOM machinery. Step 1: A polytopic protein interacts with a specific
receptor on the mitochondrial surface. For example, Aac2p has been shown to use the Tom70p receptor. Tom70 forms a homodimer and crosslinking studies
raise the possibility that each dimer interacts with one of the three modules of Aac2p [79]. Step 2: The precursor protein is transferred across the outer
membrane via the TOM channel in a reaction that requires ATP outside the mitochondria and is facilitated by the Tim9p–Tim10p complex in the IMS. Tim9p
and Tim10p are in a hexameric complex, but whether each module of Aac2p interacts with a Tim9p–Tim10p pair as depicted is not known. Step 3: The
precursor protein is recruited to the TIM22 complex by the action of a tiny Tim protein complex consisting of two Tim9p, one Tim10p, and one Tim12p. The
Tim9p–Tim10p–Tim12p complex may be a permanent member of the TIM22 complex and function to accept the transfer of preproteins from the Tim9p–
Tim10p complex. Alternatively, the hexameric Tim9p–Tim10p complex with bound substrate may dock at the TIM22 complex by exchanging one subunit of
Tim10p for a membrane-associated Tim12p subunit. Regardless of the mechanism, this step requires a potential across the mitochondrial IM. Step 4: The
TIM22 complex, consisting of Tim22p, Tim54p, and Tim18p, mediates the insertion of the precursor into the IM in a reaction that presumably requires the
membrane potential.
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standing about the mechanism of protein translocation
across and insertion into the IM is only beginning. For
example, while the discovery of aqueous pores in the IM
helps explain how soluble proteins can be translocated
across the hydrophobic lipid bilayer; a new, more difficult
question is raised about how these large holes can be
regulated so that electrochemical potential is not dissipated
by the translocation reaction. Furthermore, while it can be
easily envisioned how an aqueous pore facilitates the
transport of proteins across the membrane, it is not so
clear how hydrophobic TM segments are recognized and
then transferred out of the channel and into the lipid
bilayer. Moreover, how are the complicated topologies of
polytopic membrane proteins generated? New methodolo-
gies, such as those used so successfully in unraveling the
mechanism of the ER translocon [82], will be needed to
determine the function of the TIM23 and TIM22 trans-
locons. It is clear, however, that our understanding of the
mitochondrial protein import will also depend upon high-
resolution structural information about these large, compli-
cated machines.
References
[1] P. Rehling, N. Wiedemann, N. Pfanner, K.N. Truscott, Crit. Rev.
Biochem. Mol. Biol. 36 (2001) 291–336.
[2] S.A. Paschen, W. Neupert, IUBMB Life 52 (2001) 101–112.
[3] D. Roise, G. Schatz, J. Biol. Chem. 263 (1988) 4509–4511.
[4] G. von Heijne, EMBO J. 5 (1986) 1335–1342.
[5] D. Roise, F. Theiler, S.J. Horvath, J.M. Tomich, J.H. Richards, D.S.
Allison, G. Schatz, EMBO J. 7 (1988) 649–653.
[6] A.C. Maarse, J. Blom, P. Keil, N. Pfanner, M. Meijer, FEBS Lett. 349
(1994) 215–221.
[7] K.R. Ryan, M.M. Menold, S. Garrett, R.E. Jensen, Mol. Biol. Cell 5
(1994) 529–538.
[8] J.L. Emtage, R.E. Jensen, J. Cell Biol. 122 (1993) 1003–1012.
[9] P.J. Dekker, P. Keil, J. Rassow, A.C. Maarse, N. Pfanner, M. Meijer,
FEBS Lett. 330 (1993) 66–70.
[10] K.R. Ryan, R.S. Leung, R.E. Jensen, Mol. Cell. Biol. 18 (1998)
178–187.
[11] J. Berthold, M.F. Bauer, H.C. Schneider, C. Klaus, K. Dietmeier, W.
Neupert, M. Brunner, Cell 81 (1995) 1085–1093.
[12] P.J. Dekker, F. Martin, A.C. Maarse, U. Bomer, H. Muller, B. Guiard,
M. Meijer, J. Rassow, N. Pfanner, EMBO J. 16 (1997) 5408–5419.
[13] F. Moro, C. Sirrenberg, H.C. Schneider, W. Neupert, M. Brunner,
EMBO J. 18 (1999) 3667–3675.
[14] M. Kubrich, P. Keil, J. Rassow, P.J. Dekker, J. Blom, M. Meijer, N.
Pfanner, FEBS Lett. 349 (1994) 222–228.
[15] K.R. Ryan, R.E. Jensen, J. Biol. Chem. 268 (1993) 23743–23746.
[16] P.E. Scherer, U.C. Manning-Krieg, P. Jeno¨, G. Schatz, M. Horst, Proc.
Natl. Acad. Sci. U. S. A. 89 (1992) 11930–11934.
[17] K. Tokatlidis, T. Junne, S. Moes, G. Schatz, B.S. Glick, N. Kronidou,
Nature 384 (1996) 585–588.
[18] N.B. Sepuri, D.M. Gordon, D. Pain, J. Biol. Chem. 273 (1998)
20941–20950.
[19] J. Blom, P.J. Dekker, M.Meijer, Eur. J. Biochem. 232 (1995) 309–314.
[20] N. Pfanner, M.G. Douglas, T. Endo, N.J. Hoogenraad, R.E. Jensen, M.
Meijer, W. Neupert, G. Schatz, U.K. Schmitz, G. Shore, Trends Bio-
chem. Sci. 21 (1996) 51–52.
[21] T.A. Lohret, R.E. Jensen, K.W. Kinnally, J. Cell Biol. 137 (1997)
377–386.
[22] K.N. Truscott, P. Kovermann, A. Geissler, A. Merlin, M. Meijer, A.J.
Driessen, J. Rassow, N. Pfanner, R. Wagner, Nat. Struct. Biol. 8
(2001) 1074–1082.
[23] M.F. Bauer, C. Sirrenberg, W. Neupert, M. Brunner, Cell 87 (1996)
33–41.
[24] B.D. Gambill, W. Voos, P.J. Kang, B. Miao, T. Langer, E.A. Craig, N.
Pfanner, J. Cell Biol. 123 (1993) 109–117.
[25] J. Martin, K. Mahlke, N. Pfanner, J. Biol. Chem. 266 (1991)
18051–18057.
[26] P.J. Kang, J. Ostermann, J. Shilling, W. Neupert, E.A. Craig, N.
Pfanner, Nature 348 (1990) 137–143.
[27] M. Eilers, W. Oppliger, G. Schatz, EMBO J. 6 (1987) 1073–1077.
[28] M. Schleyer, B. Schmidt, W. Neupert, Eur. J. Biochem. 125 (1982)
109–116.
[29] N. Pfanner, W. Neupert, FEBS Lett. 209 (1986) 152–156.
[30] J. Rassow, A.C. Maarse, E. Krainer, M. Kubrich, H. Muller, M.
Meijer, E.A. Craig, N. Pfanner, J. Cell Biol. 127 (1994) 1547–1556.
[31] H.C. Schneider, J. Berthold, M.F. Bauer, K. Dietmeier, B. Guiard, M.
Brunner, W. Neupert, Nature 371 (1994) 768–774.
[32] N.G. Kronidou, W. Oppliger, L. Bolliger, K. Hannavy, B.S. Glick,
G. Schatz, M. Horst, Proc. Natl. Acad. Sci. U. S. A. 91 (1994)
12818–12822.
[33] R.E. Jensen, A.E. Johnson, Curr. Biol. 9 (1999) R779–R782.
[34] S. Hwang, T. Jascur, D. Vestweber, L. Pon, G. Schatz, J. Cell Biol.
109 (1989) 487–493.
[35] A. Mayer, R. Lill, W. Neupert, J. Cell Biol. 121 (1993) 1233–1243.
[36] M. Donzeau, K. Kaldi, A. Adam, S. Paschen, G. Wanner, B.
Guiard, M.F. Bauer, W. Neupert, M. Brunner, Cell 101 (2000)
401–412.
[37] E.E. Rojo, B. Guiard, W. Neupert, R.A. Stuart, J. Biol. Chem. 273
(1998) 8040–8047.
[38] S.M. Glaser, B.R. Miller, M.G. Cumsky, Mol. Cell. Biol. 10 (1990)
1873–1881.
[39] E.E. Rojo, B. Guiard, W. Neupert, R.A. Stuart, J. Biol. Chem. 274
(1999) 19617–19622.
[40] E.E. Rojo, R.A. Stuart, W. Neupert, EMBO J. 14 (1995) 3445–3451.
[41] I. Arnold, H. Folsch, W. Neupert, R.A. Stuart, J. Biol. Chem. 273
(1998) 1469–1476.
[42] F. Gartner, U. Bomer, B. Guiard, N. Pfanner, EMBO J. 14 (1995)
6043–6057.
[43] B.S. Glick, A. Brandt, K. Cunningham, S. Muller, R.L. Hallberg, G.
Schatz, Cell 69 (1992) 809–822.
[44] J. Nunnari, T.D. Fox, P. Walter, Science 262 (1993) 1997–2004.
[45] A. Schneider, W. Oppliger, P. Jeno, J. Biol. Chem. 269 (1994)
8635–8638.
[46] M. Behrens, G. Michaelis, E. Pratje, Mol. Gen. Genet. 228 (1991)
167–176.
[47] R.A. Stuart, W. Neupert, Trends Biochem. Sci. 21 (1996) 261–267.
[48] A. Geissler, T. Krimmer, U. Bomer, B. Guiard, J. Rassow, N. Pfanner,
Mol. Biol. Cell 11 (2000) 3977–3991.
[49] A. Gruhler, I. Arnold, T. Seytter, B. Guiard, E. Schwarz, W. Neupert,
R.A. Stuart, J. Biol. Chem. 272 (1997) 17410–17415.
[50] W. Voos, B.D. Gambill, B. Guiard, N. Pfanner, E.A. Craig, J. Cell
Biol. 123 (1993) 119–126.
[51] A. Merlin, O. von Ahsen, E.A. Craig, K. Dietmeier, N. Pfanner, J.
Mol. Biol. 273 (1997) 1–6.
[52] I. Arnold, M.F. Bauer, M. Brunner, W. Neupert, R.A. Stuart, FEBS
Lett. 411 (1997) 195–200.
[53] H. Do, D. Falcone, J. Lin, D.W. Andrews, A.E. Johnson, Cell 85
(1996) 369–378.
[54] W. Mothes, S.U. Heinrich, R. Graf, I. Nilsson, G. von Heijne, J.
Brunner, T.A. Rapoport, Cell 89 (1997) 523–533.
[55] N. Pfanner, W. Neupert, J. Biol. Chem. 262 (1987) 7528–7536.
[56] J.L.T. Emtage, Cell Biology and Anatomy, Johns Hopkins University,
Baltimore, 1994, p. 228.
[57] C. Sirrenberg, M.F. Bauer, B. Guiard, W. Neupert, M. Brunner, Nature
384 (1996) 582–585.
R.E. Jensen, C.D. Dunn / Biochimica et Biophysica Acta 1592 (2002) 25–34 33
[58] P. Kovermann, K.N. Truscott, B. Guiard, P. Rehling, N.B. Sepuri,
H. Muller, R.E. Jensen, R. Wagner, N. Pfanner, Mol. Cell 9 (2002)
363–373.
[59] O. Kerscher, J. Holder, M. Srinivasan, R.S. Leung, R.E. Jensen, J.
Cell Biol. 139 (1997) 1663–1675.
[60] O. Kerscher, N.B. Sepuri, R.E. Jensen, Mol. Biol. Cell 11 (2000)
103–116.
[61] C.M. Koehler, M.P. Murphy, N.A. Bally, D. Leuenberger, W.
Oppliger, L. Dolfini, T. Junne, G. Schatz, E. Or, Mol. Cell. Biol. 20
(2000)1187–1193.
[62] S.M. Burgess, M. Delannoy, R.E. Jensen, J. Cell Biol. 126 (1994)
1375–1391.
[63] A.E. Aiken Hobbs, M. Srinivasan, J.M. McCaffery, R.E. Jensen, J.
Cell Biol. 152 (2001) 401–410.
[64] K.S. Oyedotun, B.D. Lemire, Biochim. Biophys. Acta 1411 (1999)
170–179.
[65] C. Sirrenberg, M. Endres, H. Folsch, R.A. Stuart, W. Neupert, M.
Brunner, Nature 391 (1998) 912–915.
[66] C.M. Koehler, S. Merchant, W. Oppliger, K. Schmid, E. Jarosch, L.
Dolfini, T. Junne, G. Schatz, K. Tokatlidis, EMBO J. 17 (1998)
6477–6486.
[67] C.M. Koehler, E. Jarosch, K. Tokatlidis, K. Schmid, R.J. Schweyen,
G. Schatz, Science 279 (1998) 369–373.
[68] A. Adam, M. Endres, C. Sirrenberg, F. Lottspeich, W. Neupert, M.
Brunner, EMBO J. 18 (1999) 313–319.
[69] C.M. Koehler, D. Leuenberger, S. Merchant, A. Renold, T. Junne, G.
Schatz, Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 2141–2146.
[70] S.P. Curran, D. Leuenberger, W. Oppliger, C.M. Koehler, EMBO J. 21
(2002) 942–953.
[71] C.M. Lee, J. Sedman, W. Neupert, R.A. Stuart, J. Biol. Chem. 274
(1999) 20937–20942.
[72] H. Fo¨lsch, B. Guiard, W. Neupert, R.A. Stuart, EMBO J. 15 (1996)
479–487.
[73] J. Hohfeld, F.U. Hartl, J. Cell Biol. 126 (1994) 305–315.
[74] B. el Moualij, C. Duyckaerts, J. Lamotte-Brasseur, F.E. Sluse, Yeast
13 (1997) 573–581.
[75] F. Palmieri, F. Bisaccia, L. Capobianco, V. Dolce, G. Fiermonte, V.
Iacobazzi, C. Indiveri, L. Palmieri, Biochim. Biophys. Acta 1275
(1996) 127–132.
[76] A.J. Davis, K.R. Ryan, R.E. Jensen, Mol. Biol. Cell 9 (1998)
2577–2593.
[77] M. Endres, W. Neupert, M. Brunner, EMBO J. 18 (1999) 3214–3221.
[78] M.T. Ryan, H. Muller, N. Pfanner, J. Biol. Chem. 274 (1999)
20619–20627.
[79] N. Wiedemann, N. Pfanner, M.T. Ryan, EMBO J. 20 (2001)
951–960.
[80] A.J. Davis, N.B. Sepuri, J. Holder, A.E. Johnson, R.E. Jensen, J. Cell
Biol. 150 (2000) 1271–1282.
[81] S.A. Paschen, U. Rothbauer, K. Kaldi, M.F. Bauer, W. Neupert, M.
Brunner, EMBO J. 19 (2000) 6392–6400.
[82] K.S. Crowley, S. Liao, V.E. Worrell, G.D. Reinhart, A.E. Johnson,
Cell 78 (1994) 461–471.
R.E. Jensen, C.D. Dunn / Biochimica et Biophysica Acta 1592 (2002) 25–3434
